ABSTRACT: The abundance, size spectra and bacterial colonization of exopolymer particles were investigated in Antarctic sea ice and underlying water in the Bellingshausen Sea during April 2001. In addition to exopolymer particles (EP), different abiotic (temperature, salinity, ice texture, oxygen isotopic composition, inorganic nutrient concentrations) and biotic (particulate organic carbon/nitrogen, algal pigments, abundance and biomass of bacteria and diatoms) parameters were measured from the samples. The sea ice showed different communities occurring in physically distinct layers of the ice. Algal and bacterial biomass in the ice showed strong vertical gradients and ranged between 59.4 and 5140.4 µg C l -1 and 8.8 and 119.4 µg C l -1 , respectively. EP concentrations in the sea ice were high, with EP abundance ranging between 10.2 and 260.1 × 10 6 particles l -1 and EP area between 3.4 and 92.1 cm 2 l -1 . Median EP concentrations in the ice exceeded under-ice values by 1 order of magnitude. Crude estimates of integrated sea ice EP carbon were equivalent to 14-32% of the integrated POC, and to 34-78% of the integrated diatom biomass. The estimated integrated EP carbon in sea ice exceeded the bacterial biomass by a factor of 10 to 20. The abundance of EP was inversely correlated with size of the particles. EP size spectra showed relatively flat slopes, indicating a relatively large contribution of larger particles. The bacterial colonization of individual EP in the ice and in the underice water was not significantly different. In contrast, due to the large difference of EP concentrations in the 2 habitats, the median proportion of attached bacteria was much higher in the ice (14.8% of the total bacterial number) than in the under-ice water (1.9% of the total bacterial number). The data suggest that EP are an integral component of Antarctic sea ice communities and that EP serve as important substrates for ice-associated bacteria. After the ice melts in spring, large amounts of EP are available to be released to the water, where they may significantly contribute to and alter the particle flux of the ice-covered Southern Ocean.
INTRODUCTION
The annual formation, consolidation and subsequent melting of sea ice surrounding the Antarctic continent has a pivotal role in the biogeochemical cycles of the Southern Ocean (Lizotte & Arrigo 1998 , Thomas & Dieckmann 2002 . The interior of the sea ice serves as a habitat for ice-associated so-called sympagic communities inhabiting a brine-filled network of pores and channels (Horner et al. 1992 , Gradinger 2002 . The brine volume varies between approx. 1 and 30% of the ice volume, depending on ice-bulk salinity and temperature (Frankenstein & Garner 1967 , Weeks & Ackley 1982 . Sea ice communities consist of various organism groups like viruses, prokaryotes, protists and metazoa (Horner et al. 1992) . Typically, sympagic communities are dominated by bacteria in terms of abundance, and diatoms in terms of biomass. Sea ice primary production contributes ca. 10-30% to the total primary production of the ice-covered Southern Ocean (Legendre et al. 1992 , Arrigo et al. 1997 .
Many aquatic organisms inhabiting pelagic, benthic and porous habitats produce copious amounts of extracellular polymeric substances (EPS) (Hoagland et al. 1993 , Goto et al. 1999 , Stoderegger & Herndl 1999 . Benthic diatoms have been reported to be important producers of EPS, which serve the algae in adhesion, locomotion, biogenic habitat stabilization and protection against harsh environmental conditions (Decho 1990 , Hoagland et al. 1993 , Cooksey & Wigglesworth-Cooksey 1995 , Smith & Underwood 1998 . In the pelagic realm, high EPS concentrations have been found during, or subsequent to, diatom blooms, when environmental conditions have deteriorated , Mopper et al. 1995 , Myklestad 1995 , Passow & Alldredge 1995 . EPS consist mainly of acid mucopolysaccharides and belong partly to the dissolved, colloidal and particulate size fractions (Alldredge & Crocker 1995 , Chin et al. 1998 ). In the plankton, exopolymer particles (EP, particles consisting of EPS) can be formed biotically as capsules and sheets, but are formed mainly abiotically by coagulation of dissolved organic matter and colloidal precursors (Zhou et al. 1998 , Stoderegger & Herndl 1999 , Passow 2002a . EP are important in the agglutination of particles, provide the matrix of marine snow and, thus, have been considered as one of the most important biological factors controlling aggregation of phytoplankton blooms and their subsequent export from the upper layer of the ocean (Passow et al. 2001 , Passow 2002b . Pelagic EP also serve as a substrate for bacteria , Mari & Kiørboe 1996 , and are known to harbor rich and diverse bacterial communities (Simon et al. 2002) . Bacteria attached to EP may act in the formation as well as in the degradation of these particles (Smith et al. 1992 , Simon et al. 2002 .
There is currently a substantial interest in the role of EPS in marine habitats, and recent studies have shown high concentrations of EPS in Arctic fast and pack ice (Krembs & Engel 2001 , Krembs et al. 2003 , Meiners et al. 2003 . Riebesell et al. (1991) showed that aggregate formation is a characteristic property of Antarctic sea ice algae, and other authors proposed that Antarctic sea ice may contain large amounts of EPS (Herborg et al. 2001 ). However, data on the Southern Ocean are still scarce (Hong et al. 1997) , and to our knowledge no data exist for EP concentrations in Antarctic sea ice.
The scope of this study was therefore to describe the occurrence, abundance and size distribution of EP in Antarctic sea ice and the underlying water, to examine the bacterial colonization of sea ice EP, and to discuss the potential role of EP for the sea-ice habitat and its implications for the ice-covered Southern Ocean.
MATERIALS AND METHODS
Site and sampling. Free-drifting pack ice and underice water samples were collected during the expedition ANT XVIII-5b on RV 'Polarstern' in the marginal ice zone of the Bellingshausen Sea during late austral autumn 2001 (Fig. 1 , for details see Bathmann 2002) . The area showed ice coverage of 8 ⁄ 10 to 9 ⁄ 10 ; water depths at the stations ranged between 570 and 680 m. Snow thickness was measured with a ruler at each sampling site prior to coring. At each station, 5 ice cores (A to E) were collected with a SIPRE-type ice corer (9 cm internal diameter) within an area of 1 m 2 . Two complete cores (A and B) were sealed in clean plastic tubing and kept frozen (-30°C) for later analysis of ice texture and stable oxygen isotopic composition. Three cores (C, D and E) were cut immediately into 1 to 10 cm sections, transferred into acid-washed polyethylene boxes, and transported in insulated boxes to the ship's laboratory for further analysis of salinity, inorganic nutrients (NO 3 -, PO 4 3+ , Si(OH) 4 ), particulate organic carbon (POC) and nitrogen (PON), algal pigments (chl a, pheopigments [pheo] ) and for microscopical investigations. Under-ice water was sampled using a 10 m long polyethylene tube (4 cm internal diameter) with a valve at one end. The unequipped end of the tube was lowered into the water with the valve open. At a depth of 10 m, the valve was closed and the tube with the trapped water was retrieved. These 0 to 10 m integrated water samples were transferred to acidwashed containers and transported to the laboratory for further analysis. Ice structure and stable oxygen isotopic composition. The ice texture of Core A was determined by thin-section analysis (e.g. Kawamura et al. 2001) . Based on ice crystal size and orientation, 3 stratigraphic units were distinguished: granular ice, columnar ice and intermediate granular/columnar ice (Eicken & Lange 1989) . Core B was cut into sections according to results of the structural analysis of Core A. Sections were melted and used for the determination of δ 18 O with a mass spectrometer (Finnigan MAT Delta E; precison: ± 0.1 ‰). Based on the combined textural and isotopic characteristics, ice cores were divided into 4 categories: snow ice, granular ice, columnar ice and intermediate granular/columnar ice.
Temperature, salinity, chemical parameters and pigments. Ice temperature was measured with a Testo720-thermometer immediately after coring from small holes drilled into Core C at 5 to 10 cm intervals. To prevent cooling of the ice core, these measurements were performed in a temperature-insulated plastic tube. For the analysis of salinity, inorganic nutrients, algal pigments (Core C) POC and PON (Core D) sections of ice cores were melted in the dark at 4°C. Salinity of melted ice and water samples was measured with a WTW LF 191 conductometer. Subsamples (50 ml) were fixed with HgCl 2 (Kattner 1999 ) and stored frozen (-30°C) until analysis for the concentration of NO 3 -, PO 4 3+ and Si(OH) 4 using standard seawater procedures (Grasshoff et al. 1983) . For the analysis of POC and PON, melted ice and water samples were filtered onto precombusted Whatman GF/F filters and combusted in a Carlo Erba NA 1500 CHN-Analyzer (Verardo et al. 1990 ). For the determination of chl a and pheo concentrations, samples were filtered onto Whatman GF/F filters and analyzed fluorometrically with a Turner Designs 10-AU digital fluorometer, according to Arar & Collins (1997) .
Abundance and biomass of bacteria and diatoms. Core E was used for the microscopical investigation of bacteria, algae and EP and for the determination of the bacterial abundance of EP. Ice core sections (1 to 10 cm) were melted in the dark at 4°C with an addition of 0.2 µm filtered seawater to avoid osmotic stress (Garrison & Buck 1986 , Spindler & Dieckmann 1986 ). Blanks of the filtered seawater were taken at each station and treated like the ice samples; the concentrations of blanks were insignificant for all parameters (bacteria, algae and EP). Immediately after the ice samples had melted, 250 ml subsamples were fixed with 0.2 µm filtered borax-buffered formalin (1% final concentration). Subsamples (30 to 100 ml) were filtered onto black 0.2 µm (Filter A) and 0.8 µm (Filter B) polycarbonate filters, stained with 4'6' diamidino-2-phenylindole (DAPI), and mounted on microscope slides (Porter & Feig 1980) . For the calculation of the total bacterial number and bacterial biomass (0.2 µm filter), at least 400 cells were counted on a minimum of 20 fields. Estimates of bacterial biovolume were determined from length and width measurements of 100 cells per sample with a New Porton G12 grid (Graticules) at a final magnification of 1000×. Bacterial biovolume was converted into bacterial carbon using the formula CC = 88.6 × vol 0.59 × 1.042 (Simon & Azam 1989) , where CC (fg) and vol (µm 3 ) are the carbon content per cell and the cell volume, respectively. Filter B (0.8 µm) was used for counting of centric and pennate diatoms. Calculation of diatom biomass was based on cell measurements and followed the recommendations of the Baltic Marine Environment Protection Commission-Helsinki Commission (1988) .
Determination of EP. Determination of EP followed the method of Alldredge et al. (1993) for the determination of so-called transparent exopolymer particles (TEP). However, since TEP is a term primarily used for pelagic particles mainly formed by coagulation of dissolved precursors, the particles observed in the present study are more generally referred to as exopolymer particles (EP), because they were extracted from the porous sea ice matrix and may also contain fragments of disrupted biofilms. For the determination of EP, 2 to 30 ml subsamples were filtered carefully onto 0.4 µm polycarbonate filters (Filter C) supported with backing filters with a pressure difference of < 0.1 bar. Samples were stained with 0.2 µm pre-filtered Alcian Blue solution (Alldredge et al. 1993 ) and mounted on Cyto-Clear slides (Poretics) . Relative cover of total EP area on the filters was low (< 4.5%). EP abundance and size were measured semi-automatically at 400× magnification with a Leitz Aristoplan microscope connected to a Sony DXP-CCD video camera. A minimum of 500 EP were videotaped and the videoframes were digitized. Contour lines of digitized EP images were traced manually and the area of individual particles was determined with a Leica QWIN 500 MC image analysis system. Individual EP areas were converted to equivalent spherical diameters (ESD), which were assigned to 8 logarithmically increasing size classes ranging from 3 to 60 µm ESD.
Particle size distributions are often described by power relations of the type N = kd p 
Bacterial colonization of EP.
To determine the number of bacteria attached to EP, 5 to 30 ml subsamples of the fixed samples were filtered onto 0.4 µm polycarbonate filters (Filter D) and double-stained with Alcian Blue and DAPI. After staining, filters were mounted on Cyto-Clear slides (Poretics) ). For each sample, bacteria associated with 24 EP were enumerated by switching between brightfield and UV illumination. The individual EP were sized (see above), and associated bacteria were counted at a magnification of 1000×. Because EP are 3D, the entire volume of each EP was examined by changing the microscopes focal plane during the observation. Hence, bacteria both on the surface and embedded in EP were counted (Mari & Kiørboe 1996) . A potential error (in this study: 6 to 18%) in this enumeration is caused when free-living bacteria are retained by the filter beneath the examined EP. In order to estimate the fraction of total bacteria attached to EP, a relationship between EP size and the number of attached bacteria was calculated for each sample. The number of attached bacteria can be fitted to a power law function n = ad p b , where n is the number of bacteria per EP, d p is the ESD of the EP and a and b are constants for a given sample. Numbers of associated bacteria were plotted versus ESD in log-log coordinates to give estimates of a and b. The fraction of attached bacteria was calculated by combining this relationship (results from Filter D), the size spectra of EP (results from Filter C) and the total bacterial numbers (results from Filter A) , Mari & Kiørboe 1996 .
Brine salinity was calculated as a function of ice temperature (Assur 1958) ; brine volume as a function of temperature and ice-bulk salinity (Frankenstein & Garner 1967) . Non-parametric Spearman-Rank correlations were used to determine relationships between biogenic parameters. To test for significant differences between median values, the Mann-Whitney U-test was applied (Sachs 1984) . To test for significant differences between the bacterial colonization of EP in sea ice and water, analysis of covariance (ANCOVA) was performed.
RESULTS

Temperature, salinity, chemical parameters and pigments
Ice thickness at the sampling sites was very variable and ranged between 49 and 79 cm, 56 and 68 cm and 47 and 65 cm at Stns 113, 114 and 115, respectively. All stations were snow covered, with snow thickness varying between 4 and 20 cm. The sea ice texture was dominated by intermediate granular/columnar and granular ice, indicating dynamic, turbulent conditions during sea ice formation (Fig. 2) . Snow ice layers, characterized by low δ
18 O values ( Fig. 2a) , were found at all stations and contributed between 4 and 19% to total ice thickness (Fig. 2b) . Stns 113 and 114 showed internal porous layers, with upper boundaries located approx. 10 to 15 cm below the freeboard level of the ice floes (freeboard levels were: Stn 113, 2.5 cm; Stn 114, 1.5 cm). Ice temperatures ranged from -8.8 to -2.4°C, and showed typical linear late-autumn profiles, with lowest temperatures in the uppermost parts of the ice (Fig. 2c ). Brine salinities, calculated as a function of ice temperature, were high, with values between 42.5 and 132.8 (median: 79.9, data not shown). Vertical profiles of sea ice bulk salinity are presented in Fig. 3 . Bulk salinities ranged between 6.4 and 14.2 (median: 9.5). Bulk salinity and temperature measurements were used to calculate brine vol- ; given against Standard Mean Ocean Water), (b) vertical distribution of textural ice classes (for definitions see 'Materials and methods'), and (c) vertical profiles of sea ice temperature umes, i.e. the fluid phase of the sea ice system in which dissolved matter is enriched and which serves as the actual habitat for the sea ice biota. Brine volumes ranged between 6.7 and 24.6% (median: 11.9%, data not shown).
Vertical profiles of nutrient concentrations in the ice and under-ice water values are shown in Fig. 3 . With the exception of NO 3 -concentrations, which were positively correlated with ice depth (Spearman-Rank correlation: ρ = 0.545, p = 0.0046), nutrient concentrations in the sea ice were neither correlated to ice depth nor to ice bulk salinity. NO 3 -concentrations in the ice were highly variable and ranged between 0.67 and 9.35 µM. PO 4 3+ concentrations in the ice varied from 0.34 to 9.2 µM. Si(OH) 4 concentrations in the ice of Stns 113 and 114 showed extremely high peaks in the ice interior, coinciding with peak concentrations of algal pigments and biomass (Figs. 3 & 4) . Except for NO 3 -, sea ice at Stns 113 and 114 showed much higher nutrient concentrations than at Stn 115. Nutrient concentrations in the water were rather similar at all stations, with the exception of the high NO 3 -concentration at Stn 113.
Chl a concentrations in the ice peaked in surface, interior and bottom layers (Fig. 3) , values ranged between 0.2 and 228.2 µg l -1 (median: 65.6 µg l -1
). Highest chl a concentrations occurred in the internal porous layer at Stn 113. Chl a concentrations in the water were much lower, with a median concentration of only 0.2 µg l -1 . The chl a:pheo ratio in the ice showed maxima in top and interior layers, the ratio was very high in the water samples at Stns 114 and 115 (Fig. 3) . POC and PON concentrations in the ice varied between 190.8 and 9988.5 µg l -1 (median POC: 
Algal and bacterial abundance and biomass
The results of the microscopical counts and biomass estimates for algae and bacteria are summarized in Table 1 . Algal biomass peaked in the surface, interior and bottom of the ice floes (Fig. 4) . Pennate diatoms are often the most important primary producers in Antarctic sea ice. However, in this study the interior algal assemblages and the integrated abundance and biomass at Stns 113 and 114 were dominated by centric diatoms. Dominant centric species were Chaetoceros sp., Corethron sp., Thalassiosira sp. and Rhizosolenia sp. At Stn 115, in contrast, pennate forms dominated the diatom assemblage. Iceassociated pennate diatoms were predominated by Fragilariopsis sp., Nitzschia sp. and Navicula sp. Algal abundance and biomass was extremely low in the under-ice water (Table 1) . No Phaeocystis sp. were observed in the samples. ). At all stations, the highest concentrations of both EP abundance and area peaked in the interior of the ice (Fig. 5) ) by 1 order of magnitude. This difference was statistically significant for both parameters (Mann-Whitney Utest: p = 0.005 for both EP abundance and area).
Although EP concentrations showed wide variability, the general size distributions of EP were relatively similar. EP abundance decreased with EP size (ESD), and this relationship could be described by powerlaw functions. Values for their slopes in log-log regressions (β+1) in the sea ice samples ranged between 1.5 and 2.5, and were not correlated with ice depth. β+1 values of the water samples varied between 2.0 and 2.5. The relative EP size frequencies of the pooled ice and water samples are given in Fig. 6 . The slopes (β+1 values) were relatively flat in both habitats and indicate a relativly large amount of larger EP particles.
In the sea ice, a close coupling of algal and bacterial biomass and EP was indicated by highly significant Spearman-Rank correlations. Bacterial biomass was significantly correlated to both EP abundance (ρ = 0.692, p < 0.0003) and EP area (ρ = 0.703, p = 0.0003). High Spearman-Rank coefficients were also found for correlations of EP abundance and EP area with pennate diatom biomass (EP abundance: ρ = 0.699, p = 0.0003, EP area: ρ = 0.687, p = 0.0004) and centric diatom biomass (EP abundance: ρ = 0.729, p = 0.0002, EP area: ρ = 0.756, p < 0.0001).
Bacterial colonization of EP
Doublestaining EP with Alcian Blue and DAPI showed that all investigated particles were colonized by bacteria. Bacteria were observed both on the surface of and inside the EP. The colonization was very variable, with a range of 1 to 220 bacteria EP ) in the water samples. Colonization of EP in the sea ice and in the underlying water showed no significant difference ( Fig. 7 ; ANCOVA: F = 2.789, p = 0.0953). The absolute number of bacteria in both sea ice and water increased with EP size (Fig. 7) , whereas the specific numbers of attached bacteria (e.g. number of bacteria per unit area) decreased with the size of EP (data not shown). A total range of 1.5 to 56.5% of the total bacterial number was attached to EP. The median of the relative number of attached bacteria in sea ice (14.8%) was significantly higher than the median value (1.9%) of the water samples (Mann-Whitney U-test: p = 0.0062). The percentage of bacteria associated with EP in the sea ice was significantly correlated with EP abundance (ρ = 0.542, p = 0.0048) and EP area (ρ = 0.538, p = 0.0051).
DISCUSSION
Discussion of methods
This study gives the first data on the abundance, size distribution and bacterial colonization of EP in Antarctic sea ice and the underlying water. High concentrations and characteristic size distributions of EP were found in all samples. The determination of EP in sea ice, however, is subject to methodological difficulties (Krembs & Engel 2001) . Melting of ice causes salinity changes, which may affect the stainability of EP with the cationic dye Alcian Blue. Melting of samples also destroys the internal ice structure, which allows for free interaction of particles, which were previously restricted to the delicate brine channels inside the ice. In the present study, sea ice was melted by addition of sterile-filtered sea water to reduce osmotic stress during melting (Garrison & Buck 1986 , Spindler & Dieckmann 1986 ). Since sea ice generally contains higher DOC concentrations than water , 1998 , Herborg et al. 2001 , the procedure additionally diluted the samples and, thus, reduced encounter and coagulation rates of dissolved organic molecules, colloidal material, and small EP particles, which have all been reported as potential EP precursors (Chin et al. 1998 , Passow 2000 , 2002a . The method used therefore minimized biological EP production by bacteria and algae (as potential response to osmotic stress) as well as abiotic EP production from different precursors. However, influences of ice melting on the EP concentrations and characteristics cannot be totally ruled out.
EP concentration, distribution and characteristics
EP abundances in sea ice were generally very high and comparable to or exceeding maximum concentrations reported from different marine pelagic habitats (Alldredge et al. 1993 , Mari & Kiørboe 1996 , Mari & Burd 1998 , Simon et al. 2002 . Krembs & Engel (2001) At all stations, maximum EP concentrations occurred in layers coinciding with the maxima of bacterial and algal biomass. At Stns 113 and 114, the EP and biomass maxima were located in a layer of porous ice (of intermediate granular/columnar or granular texture) approximately 10 cm below the freeboard of the ice floes. Fritsen & Sullivan (1997) proposed a conceptual model for the distribution and development of microbial communities in Antarctic pack ice, and described the occurrence of these biomass-rich surface and surface/ internal communities for Antarctic second-year sea ice (sea ice that survived the summer melt season), whereas first-year sea ice normally shows lower biomass, often located in the interior and at the bottom of the ice floes. Therefore, despite similar ice bulk salinities at all stations, the distinct biomass distributions (Fig. 4) suggest that Stns 113 and 114 resemble older ice floes, which allowed for the accumulation of biomass and EP (Fig. 5) to the high levels observed. Salinities > 7.8, as well as low biomass and low EP concentrations, indicate that the sea ice at Stn 115 was relatively young, but nevertheless already contained EP concentrations which exceeded water values by a factor of 4 to 13. The data therefore suggest that EP are an integral component of sympagic communities of Antarctic first-year and second-year pack ice, and that high EP concentrations occur especially in biomass-rich layers of second-year sea ice.
The number of EP was negatively correlated with EP size in both sea ice and under-ice water. The β+1 values of the size distributions were small, and indicated a relatively large proportion of larger particles. β+1 values in this study differed from the theoretical value of β+1 = 4, consistent with steady-state size spectra of EP being formed by shear coagulation from smaller particles (McCave 1984) . The size spectra of EP were comparable to those reported for Arctic sea ice of different age (Krembs & Engel 2001 , Meiners et al. 2003 . A high proportion of relatively large particles has been explained by EP formation in the form of mucus sheets, coagulation of smaller EP with non-EP particles, and the fractal nature of EP , Mari & Kiørboe 1996 . The high concentrations of sympagic diatoms, potentially producing mucus in the form of sheets, may serve as an explanation for the size distribution observed in the present study. However, the elevated amount of larger EP particles can also be attributed to other characteristics in the sea ice and under-ice habitat, e.g. grazing or dissaggregation of larger EP or disruption of sympagic biofilms, an occurrence that has been proposed by Thomas & Dieckmann (2002) .
Sources and formation of EP
The high EP concentrations in the ice can be caused by different mechanisms: physical enrichment of EP during ice formation, abiotic production of EP from dissolved and/or colloidal precursors, and biological production of EP by sympagic organisms.
Physical enrichment Different processes have been described for the physical incorporation and enrichment of sediment and organisms into newly forming and existing ice sheets (Ackley 1982 , Reimnitz et al. 1990 , Grossmann & Dieckmann 1994 , Spindler 1994 . Exeptionally high accumulations have been observed in granular ice, associated with dynamic, turbulent ice growth conditions and high growth rates (Weeks & Ackley 1982 , Clarke & Ackley 1984 . Granular ice predominates in Antarctic pack ice, with a contribution of 40 to 70% (Clarke & Ackley 1984 , Scott et al. 1994 ). Granular ice was also an important fraction in the sea ice under investigation. It is therefore assumed that EP are already enriched in young Antarctic sea ice formed under dynamic conditions. This hypothesis is supported by the enriched EP values observed in the relatively young sea ice at Stn 115.
Abiotic formation
High concentrations of dissolved organic carbon (DOC) have been reported from sea ice of both polar oceans and have been attributed to mechanical damage of organisms during the formation and consolidation of the ice, to grazing activity of sympagic proto-and metazoans, to osmotic adjustment of ice organisms and to increased algal extracellular release (Gleitz & Thomas 1993 , 1998 . Herborg et al. (2001) reported high concentrations of carbohydrates, contributing up to 31% of the DOC pool in Antarctic pack ice. DOC, and especially carbohydrates, are important precursors of polymers and thus for EP formation (Myklestad 1995 , Passow 2000 . Sea ice temperature in combination with ice bulk salinity determines the brine volume and directly controls the salinity of the brine (Assur 1958 , Frankenstein & Garner 1967 . During winter, decreasing temperatures in sea ice therefore increase brine salinities, and concentrate DOC in decreasing brine volumes. Aggregation is a positive function of both the concentration of divalent cations (Simon et al. 2002) and precursor concentration (Chin et al. 1998) . Increasing salinity and DOC concentration during cooling of the sea ice may therefore serve in concert for the abiotic formation of EP in the brine channel system. Biotic production A third possible explanation for the high EP concentrations in sea ice is the direct production of polymeric substances from cell internal carbon pools. Diatoms, especially, produce copious amounts of EPS which serve the algae in adhesion, locomotion and the buffering of environmental stress (Hoagland et al. 1993 , Cooksey & Wigglesworth-Cooksey 1995 , Wetherbee et al. 1998 . Recently, protective microhabitats around diatoms in Arctic sea ice have been observed with in situ microscopical techniques (Junge et al. 2001 , Krembs et al. 2003 . Increased EPS production by algae has also been described for senescent diatom blooms and as a response to high salinities, low temperatures, low irradiances and nutrient limitation (Aletsee & Jahnke 1992 , Hoagland et al. 1993 , Mopper et al. 1995 , Liu & Buskey 2000 . These conditions are typical for Antarctic sea ice communities during the autumn season, when irradiance levels and temperatures decrease drastically. For example, in this study ice temperatures in the internal communities with highest EP concentrations were very low, ranging between -5.9 and -7.7°C. Calculated brine salinities in these layers ranged between ca. 100 and 120, and caused harsh osmotic stress to the inhabiting organisms. During the cooling of the sea ice, brine channels become increasingly disconnected (Golden et al. 1998 , Eicken et al. 2000 , Krembs et al. 2000 , which reduces nutrient-availability on small scales and therefore increases nutrient stress in microhabitats, a process that can enhance EPS production. In this study, bulk nutrient concentrations in sea ice were generally high. Maximum Si(OH) 4 concentrations measured in this study were 5 to 6 times higher than maximum values reported in other studies on Antarctic pack ice (Dieckmann et al. 1991 , Garrison & Buck 1991 , Gleitz et al. 1995 and are possibly the result of dissolution of diatom frustules in our nutrient samples, which were not filtered before fixation with HgCl 2 . Therefore, despite careful fixation, storage and analysis of the samples, the extremely high Si(OH) 4 data could be erroneous. Despite this shortcoming, we calculated nutrient concentrations in the brine from bulk nutrient concentrations and the theoretically derived brine volumes. These theoretical values ranged between 7.7 and 105.1 µM NO 3 -, 4.2 and 122.7 µM PO 4 3+ and 77.2 and 3289.2 µM Si(OH) 4 , and were much higher than half-saturation constants (K s values) reported for mixed natural phytoplankton assemblages (Sommer 1998) . This suggests that the sea ice algae were not nutrient limited during the time of investigation, and that this factor was not responsible for the high EP values observed. However, nutrient limitation during Antarctic ice algal blooms has been reported (e.g. Gleitz et al. 1995 , Kristiansen et al. 1998 and may have enhanced the production of EP in the interior of the ice floes at Stns 113 and 114 during spring and summer. The high EP concentrations at these stations may therefore represent a signal of a previous situation of nutrient limitation once algal-derived refractory EP had accumulated in the ice.
Producers of EP
Algae, and especially pennate diatoms, are considered to be the most important producers of EPS in marine benthic and planktonic habitats (Hoagland et al. 1993 , Smith & Underwood 1998 , Passow 2002a ). However, bacteria are also capable of producing EP, but their role in EP production has only recently been examined and is not fully understood (Passow 2002a , Simon et al. 2002 . In this study, EP abundance and area showed significant correlations to both algal biomass and bacterial biomass. In order to estimate the importance of algal and bacterial derived EP in the sea ice, published EPS production rates of algae and bacteria were used for the calculation of daily production rates of the EPS of these groups in the sea ice. Due to the lack of data of cold-adapted organisms, cell-specific production rates of temperate epipelic diatoms (6.31 to 31.46 pg glucan equivalents cell , Stoderegger & Herndl 1999) were used. Neglecting temperature effects, and assuming a carbon:glucan ratio of 0.4, estimated EPS production of diatoms was, on average, 195.1 µg C l -1 d -1 (range: 6.1 to 581.2 µg C l -1 d -1 ); the estimated bacterial EPS production averaged only 2.5 µg C l -1 d -1 (range: 0.6 to 5.6 µg C l -1 d -1 ). The diatom EPS production:bacterial EPS production ratio averaged 102.5 (range: 2.2 to 507.5). Hence, the estimated algal EPS production exceeded the bacterial EPS production by, on average, 2 orders of magnitude, indicating that diatoms were the most important EPS producers in the sea ice habitat. These estimates are consistent with results from pelagic studies from lower latitudes, which report that diatoms are the main producers of EP , Passow & Alldredge 1995 .
EP carbon
Crude estimates of EP carbon were calculated using the formula given by Mari (1999) , where r is the equivalent spherical radius and 2.55 is the fractal dimension of the (transparent) EP.
The estimated integrated sea ice EP carbon was equivalent to 14-32% of the integrated POC values, 34-78% of the integrated algal biomass (sum of pennate and centric diatoms) and 1157-2090% of the integrated bacterial biomass. Keeping in mind the problems in transferring characteristics (volume, carbon-content) of laboratory-made TEP to sea ice EP, the data nevertheless indicate that EP significantly contribute to the carbon pool in Antarctic sea ice. The estimates are similar to values from planktonic studies, showing that aggregates contribute between 4 and 30% to pelagic POC (Alldredge & Silver 1988 , Riebesell 1991 , Simon et al. 2002 and to EP carbon estimates in Arctic sea ice, with an average contribution of 24% to integrated POC (Meiners et al. 2003) .
EP colonization
Different studies on Antarctic sea ice have reported the high number of epiphytic bacteria in the sea ice habitat (Ackley & Sullivan 1994 , Archer et al. 1996 , Thomas et al. 1998 ), but no data on the colonization of EP by sympagic bacteria have been published. In the pelagic realm, EP and larger aggregates can serve bacteria as special microhabitats, and have been recognized as sites of increased microbial activity (Smith et al. 1992 , Sherr et al. 1999 , Ayo et al. 2001 , Grossart et al. 2003 . Junge et al. (2002) report that a remarkably high fraction of the total number of respiring sea ice bacteria is associated with particles. In the present study, the total number of bacteria attached to individual EP ranged between 1 and 220 bacteria EP -1 and was within the range reported in pelagic studies , Mari & Kiørboe 1996 , Simon et al. 2002 . The high variability in the colonization of similar sized EP indicates differences in the degree of colonization, and was possibly caused by the different age and chemical composition of the EP . The total number of attached bacteria increased with EP size, whereas the specific number (e.g. number of bacteria per unit area) decreased with size. This relationship has also been reported for planktonic aggregates and has been attributed to the fact that porosity of aggregates increases with size (Mari & Kiørboe 1996 , Simon et al. 2002 .
The percentage of attached bacteria shows a wide range in different planktonic habitats (e.g. Alldredge & Gottschalk 1990 , Turley & Stutt 2000 , and depends mainly on the abundance of aggregates (Simon et al. 2002) . In most pelagic environments, the percentage of attached bacteria constitutes less than 10%, and often less than 5%, of the total bacterial number (Alldredge & Gotschalk 1990 , Turley & Stutt 2000 , Simon et al. 2002 . The median percentage of bacteria attached to EP (1.9%) in the water samples of this study falls very well in this range. The median percentage (14.8%) in the ice samples was relatively high, indicating favorable conditions for bacteria associated with EP in the sea ice habitat.
Sea ice EP may serve not only as a carbon source for sympagic bacteria, but may also account for the high bacterial diversity in the sea ice systems (Bowman et al. 1997a ,b, Brown & Bowman 2001 ) by providing microhabitats for distinct bacterial groups. Planktonic microaggregates have been proposed to provide special microenvironments in their interior, which can show elevated nutrient concentrations and depleted oxygen concentrations compared to the surrounding water , Alldredge 2000 . Assuming incorporation of EP into sea ice during iceformation, EP may also serve in the transport of distinct bacterial groups, such as anoxygenic and surfaceassociated forms from the water column into the sea ice during its formation. Junge et al. (2002) report on an isolate from Arctic sea ice related to a strain isolated from marine snow aggregates, thus supporting this hypothesis.
CONCLUSION
In conclusion, the high concentrations of EP in sea ice are most likely the result of different processes, including (1) physical enrichment of EP, (2) biological production of EP by algae and also bacteria, and (3) spontaneous accretion of DOC, whereby (2) and (3) are possibly enhanced due to the extreme physico-chemical conditions within the brine channel system of the sea ice during the summer-winter transition. The observed EP were densely colonized by bacteria, and sea ice EP may serve as important sites for the turnover of particulate organic matter, as well as microhabitats providing distinct environmental conditions for sympagic bacteria. The crude estimates of EP carbon indicate that EP constitutes a hitherto largely neglected carbon fraction of Antarctic sea ice. The data suggest that during austral summer, when 60 to 80% of the Antarctic sea ice cover is melting (Zwally et al. 1983 ), large amounts of EP are available to be released to the water column, where they may contribute and influence the particle flux in the icecovered Southern Ocean.
